Abstract Parathyroid Hormone related Protein (PTHrP) is a critical regulator of mammary gland morphogenesis in the mouse embryo. Loss of PTHrP, or its receptor, PTHR1, results in arrested mammary buds at day 15 of embryonic development (E15). In contrast, overexpression of PTHrP converts the ventral epidermis into hairless nipple skin. PTHrP signaling appears to be critical for mammary mesenchyme specification, which in turn maintains mammary epithelial identity, directs bud outgrowth, disrupts the male mammary rudiment and specifies the formation of the nipple. In the embryonic mammary bud, PTHrP exerts its effects on morphogenesis, in part, through epithelialstromal crosstalk mediated by Wnt and BMP signaling. Recently, PTHLH has been identified as a strong candidate for a novel breast cancer susceptibility locus, although PTHrP's role in breast cancer has not been clearly defined. The effects of PTHrP on the growth of the embryonic mammary rudiment and its invasion into the dermis may, in turn, have connections to the role of PTHrP in breast cancer.
Introduction
Parathyroid hormone-related protein (PTHrP) derives its name from structural and functional similarities with parathyroid hormone (PTH) [1] . Both PTH and PTHrP are derived from the same ancestral gene and are highly homologous in their amino-terminal domains [2] . As a result, both PTH and PTHrP bind and signal through the same G-protein coupled receptor, known as the Type 1 PTH/PTHrP receptor (PTHR1) [3] . While PTH is secreted almost exclusively by the parathyroid glands, PTHrP is expressed widely. During normal embryonic and postnatal development, PTHrP acts as a local autocrine/paracrine/intracrine growth factor in many tissues including bone, cartilage and the mammary gland [4] . Unlike PTH, which acts as a classical peptide hormone, PTHrP does not normally circulate. The exceptions to this rule include lactation and patients with cancer, including breast cancer. During lactation, circulating PTHrP mobilizes skeletal calcium stores to be delivered to the breast for milk production. In some patients with cancer, PTHrP, secreted by malignant cells, mobilizes skeletal calcium to cause humoral hypercalcemia of malignancy [1, 5, 6] .
PTHrP locus (PTHrP lacZ/+ ). In these mice, blue X-gal (4-chloro-5-bromo-3-indoyl-D-galactopyranoside) staining resulting from β-galactosidase activity reflects the activity of the Pthlh promoter [7] . Using these mice, X-gal staining was observed in the emerging mammary placodes beginning on embryonic day 11.5 (E11.5) (Fig. 1a) . Staining extended outward on one side of each placode along a "tail" of adjacent epithelial cells, and faint staining was observed between developing placodes within the mammary line [8] (Fig. 1b) . This pattern suggests that PTHrP gene (Pthlh) expression is first activated within the cells of the mammary line, perhaps as these cells coalesce into the developing epithelial placodes.
In subsequent stages, PTHrP-lacZ activity was restricted to the epithelial cells of the mammary bud (E12.5), the elongated mammary sprout (E16.5) and the epithelial cells of the rudimentary ductal tree at birth. PTHrP-lacZ activity was found to be completely absent in the adjacent mammary mesenchyme [7] [8] [9] . These data agree with previous assessments of Pthlh expression in the embryonic mammary gland using in situ hybridization [10, 11] . In contrast to the epithelial pattern of Pthlh expression, the Pthr1 gene is expressed exclusively in the mesenchyme. Pthr1 expression is observed generally within the dermal mesenchyme as early as E12 and is maintained in the mammary mesenchyme at later stages such as E15, E18 [10, 12, 13] . While the above data have been generated in mouse embryos, similar patterns of epithelial PTHLH expression and mesenchymal PTHR1 expression have also been documented in the embryonic breast buds of human fetuses [14, 15] .
The factors that induce PTHrP and PTHR1 expression in the embryonic mammary gland have not been studied extensively. However, we have observed that PTHrP-lacZ expression is maintained in Lef1 −/− mu- [16] . In addition, these same investigators demonstrated that Pthlh gene expression is reduced in mammary buds from IκBαΔN mice that fail to activate NF-κB. Therefore, it appears that Eda-Edar signaling acting through the NF-κB pathway contributes to the activation of PTHrP expression in the embryonic mammary bud [16] . The identity of the other pathways that interact with NF-κB to regulate PTHrP in these structures remains an open question for future investigation.
Role of PTHrP Signaling in Mammary Mesenchyme Specification
Despite the observation that PTHrP expression appears very early during embryonic mammary development, PTHrP signaling is not required for the formation of the mammary line or the mammary placodes. All five pairs of placodes form normally in appropriate positions in PTHrP −/− and PTH1R −/− embryos. However, a few days later, mammary development is severely compromised when either the Pthlh or the Pthr1 genes are disrupted (Fig. 2) . The mammary buds from PTHrP −/− and PTHR1 −/− embryos have fewer layers of dense mammary mesenchyme as early as E13 [17] . Furthermore, the expression of many molecular markers characteristic of the mammary mesenchyme, such as Lef1, β-catenin, tenascin C, cadherin 11, the androgen receptor and the estrogen receptor is severely reduced or completely abolished, suggesting that the mammary mesenchyme is not properly specified by E15 in the absence of PTHrP signaling [12, 17] . Transgenic overexpression of PTHrP in basal keratinocytes causes the ectopic induction of molecular markers of the mammary mesenchyme in the dermal mesenchyme, at least on the ventral surface of embryos [18, 19] . The effects of PTHrP on the mesenchyme are an example of epithelial induction of mesenchymal differentiation, since loss of either Pthlh or Pthr1 produces similar defects in mammary mesenchyme differentiation and, as noted previously, PTHrP is made by epithelial cells and its receptor is expressed in the mesenchyme. These data suggest that PTHrP acts as a signal that converts the general dermal mesenchyme into the specialized, dense mammary mesenchyme as epithelial cells within the mammary placodes are invaginating into the dermis to form the mammary buds.
As noted in the previous paragraph, overexpression of PTHrP in basal keratinocytes in K14-PTHrP transgenic mice converts the dermis into mammary mesenchyme, but this occurs only on the ventral aspect of the embryo despite equal levels of PTHrP overexpression in the dorsal skin [18, 19] . This appears to be explained, in part, by the expression of BMP4 in the ventral, but not the lateral or the dorsal dermis, during the period in which the mammary buds are forming. In fact, experiments have demonstrated that PTHrP signaling interacts with BMPR1a signaling within mesenchymal cells in order to specify proper differentiation of the mammary mesenchyme [20] . PTHrP also augments mesenchymal Wnt signaling. Recent experiments have demonstrated that Wnt activation in the mesenchymal, but not epithelial, cells of the mammary bud is completely dependent on PTHrP signaling [17] . This is likely due, in part, to the upregulation of Wnt11 and Rspo1 expression in mesenchymal cells in response to PTHrP. Furthermore, tissue-specific deletion of β-catenin in the overall dermal mesenchyme, including the developing mammary mesenchyme phenocopies the effects of loss of PTHrP on the expression of mammary mesenchyme markers and prevents the formation of ectopic mammary mesenchyme in response to PTHrP overexpression in K14-PTHrP mice. Moreover, loss of β-catenin inhibits the proliferation of mammary mesenchyme cells [17, 21] .
As a result of these findings, our working hypothesis is that focal expression of PTHrP in the developing mammary bud activates mesenchymal Wnt signaling. It also allows mammary mesenchyme cells to respond to BMP4 already found in the ventral dermis. In turn, the coordinated activation of BMP and Wnt signaling downstream of PTHrP is critical to proper expansion and specification of the mammary-specific mesenchyme around the epithelial bud (Fig. 3) . 
PTHrP Maintains Mammary Cell Fate via the Mesenchyme
The failure of proper mammary mesenchyme development in PTHrP −/− and PTH1R −/− embryos has consequences for mammary epithelial development. Loss of PTHrP signaling causes the arrest of mammary development at the bud stage and the subsequent reversion of mammary epithelial cells to an epidermal fate. In WT mammary rudiments at E15-E18, all mammary epithelial cells express the basal keratinocyte marker, keratin 14 (K14), but not the suprabasal markers, keratin1, keratin10, or involucrin. However, when either the Pthlh or Pthr1 genes are disrupted, cells in the center of the epithelial bud acquire the expression of suprabasal keratinocytes and keratin 14 expression becomes restricted only to the peripheral cells, by E18, similar to its expression in the basal epidermis [19] . Essentially, the mammary bud comes to resemble a simple invagination of skin and fails to give rise to a proper ductal system. Consistent with this observation, microarray analyses of mammary buds at E15 from PTHrP −/− and WT embryos have shown that loss of
Pthlh results in downregulation of many genes whose expression distinguishes mammary buds from skin (i.e. genes that are normally overexpressed in the mammary buds compared to the developing skin and hair follicles) [22] . These genes include epithelial keratin genes (Keratin 4, 6a, 8, 13, 18, 19) , transcription factors (Sim2, Sox4, Id1, Tbx3) and growth factor signaling genes (Tachykinin1, Sostdc1, Rspo1), and are likely to point towards important signaling pathways that contribute to mammary epithelial cell specification and maintenance [22] .
PTHrP Signaling Regulates Sexual Dimorphism
There is a well-described pattern of sexual dimorphism to the development of the embryonic mammary gland in mice.
In the developing mammary bud, the epithelial cells induce the expression of the androgen receptor (AR) within the mammary mesenchyme [21, 23] . Beginning on day 13 of development, the fetal testes release androgens into the circulation, whose action on the AR in the mammary mesenchyme becomes evident around E14 as it promotes the condensation of the mesenchymal cells around the stalk that connects the mammary bud to the overlying epidermis [24] [25] [26] [27] [28] [29] . This results in severing of the stalk and the apoptosis of the mesenchymal cells and some of the mammary epithelial cells as well [23] . As a result, mammary ducts and nipples do not develop in male mice of most strains [21, 23, 30] . We have observed that PTHrP secreted by the epithelium is critical for the destruction of the stalk. In PTHrP −/− and PTH1R −/− embryos, androgen receptors are not expressed in the mesenchyme. Consequently, sexual dimorphism does not occur in these mutants and mammary buds in males retain a stalk like in females [31] . Furthermore, we have recently shown that the deletion of β-catenin from the mammary mesenchyme is also associated with a reduction in mesenchymal AR expression and a failure of the androgen-mediated destruction of the mammary bud [17] . Therefore, upregulation of mesenchymal Wnt signaling is critical to PTHrP's ability to orchestrate the sexual dimorphism of the embryonic gland (Fig. 3) .
PTHrP Signaling Promotes Mammary Bud Outgrowth
PTHrP signaling is also required for proper outgrowth of the initial duct system in the embryonic mammary gland. In WT embryos the mammary bud sprouts away from the epidermis, downward towards the developing mammary fat pad around E15-E16 [32] . In the absence of Pthlh or Pthr1, the outgrowth of the mammary sprout is arrested and no ductal tree forms despite the presence of the mammary fat pad [12] . Outgrowth of the mammary sprouts involves the activation of mesenchymal BMP signaling downstream of PTHrP. In the absence of PTHrP, SMAD phosphorylation is reduced in the mammary mesenchyme, and sprouting of PTHrP −/− mammary buds can be rescued by the addition of BMP4 in mammary bud cultures ex vivo [20] . Hens et al. also showed that PTHrP and BMP4 synergize to upregulate matrix metalloprotease 2 (MMP2) and that inhibition of MMP2 impairs mammary sprouting. Taken together, these studies suggest that PTHrP activates BMP signaling to induce MMP2, which facilitates mammary sprouting by remodeling the matrix [22] (Fig. 3) . However, disruption of the MMP2 gene does not recapitulate the failure of bud outgrowth as seen in PTHRP −/− or PTHR1 −/− embryos, demonstrating that there must be other redundant factors that also mediate the effects of PTHrP signaling on the initial phase of epithelial outgrowth.
PTHrP Signaling Directs Nipple Development
In addition to regulating mammary epithelial cell specification and outgrowth, the mammary mesenchyme also communicates with the keratinocytes around the proximal part of the mammary sprout to direct the formation of the nipple sheath. The nipple consists of circular invagination of the basal epidermis as well as a pattern of keratinocyte differentiation that produces a hairless, thickened and hyperkeratotic epidermis onto which the mammary duct opens [33, 34] . Loss of PTHrP signaling leads to the failure of nipple development, while conversely, overexpression of PTHrP in keratinocytes recapitulates many of the properties of nipple skin including the suppression of hair follicle development, thickening of the epidermis, and hyperkeratosis characterized by the expanded expression of keratin 1, keratin 14 and fillagrin in the ventral skin [19] . The formation of ectopic nipple-like skin in K14-PTHrP mice correlates with the ectopic expression of mammary mesenchymal markers throughout the top layers of the dermal mesenchyme, demonstrating that the epithelial effects of PTHrP overexpression are indirect and are mediated through PTHrP's actions on mesenchymal cells. PTHrP induces Msx2 expression in mesenchymal cells in vitro and in vivo and loss of Msx2 rescues hair follicle formation in the ventral skin of K14-PTHrP mice. Therefore, PTHrP-induced Msx2 expression in the mammary mesenchyme is critical for the inhibition of hair follicle development in the nipple region [20] (Fig. 3) . In addition, loss of Lef1 reverts some aspects of the ventral nipple-skin of K14-PTHrP mice, including epidermal thickness, but does not revert the phenotype completely. It is likely that PTHrPinduced activation of Wnt and Msx2-regulated genes in the mesenchyme is necessary for the secretion of some mesenchymal factor(s) that orchestrates nipple skin development and that a critical threshold of BMP signaling restricts ectopic nipple development to the ventral surface.
Conclusion
In conclusion, PTHrP signals via the PTHR1 to direct the formation of the mammary mesenchyme. Specification of the mammary mesenchyme by PTHrP is a critical step in mammary morphogenesis and is required for sexual dimorphism, sprouting of the mammary bud, maintenance of mammary epithelial fate and formation of the nipple. The effects of PTHrP signaling on these cells are likely mediated by the coordinated actions of multiple downstream pathways including Wnt and BMP signaling. Further investigation of the detailed mechanisms by which PTHrP regulates embryonic mammary gland development is of interest for several reasons. First, it can contribute specifically to a better understanding of embryonic mammary morphogenesis and mammary epithelial and mesenchymal specification as well as serving as a model system in which to study how mesenchymal cells direct epithelial morphogenesis more generally. Second, there is growing awareness of the role of tumor stroma in the regulation of breast cancer progression and metastases. There are many parallels between mammary sprouting and the metastatic cascade. In addition, it has been suggested that the embryonic mammary mesenchyme is similar to tumor-associated stroma [30, 35] . Therefore, a detailed understanding of the specification of the mammary mesenchyme and its role in regulating mammary bud outgrowth might shed light on breast tumor progression and/or metastasis. Finally, PTHrP, itself, has been associated with tumor progression in animal models and human patients [36, 37] . PTHrP and PTHR1 are often overexpressed in breast cancer and PTHR1 is overexpressed in breast cancer stroma [38] [39] [40] [41] [42] . Furthermore, the recent Illumina array developed by the Collaborative Oncological Geneenvironment Study (iCOGs) studies have implicated both the PTHLH and the PTHR1 loci as breast cancer susceptibility genes [43, 44] . It is possible that the growth promoting effects of PTHrP on the embryonic mammary epithelium are recapitulated during breast cancer progression. Therefore, understanding how PTHrP regulates normal mammary development is important for understanding how PTHrP and/or the PTHR1 may contribute to breast cancer growth.
